Hem protein
Introduction
In Drosophila embryos, the ventral nerve cord (VNC) consists of segmentally repeated units, each of which contains 320 neurons and 30 glia. The neurons are generated by about 30 neuroblast (NB) stem cells (Bossing et al., 1996; Schmidt et al., 1997; Doe, 1992) . A NB, upon delamination from the neuroectoderm, divides via a series of self-renewing asymmetric divisions to produce a chain ganglion mother cells (GMCs) . Although a GMC is bipotential, it does not normally self-renew (Bhat and Apsel, 2004) . Instead, it divides asymmetrically to generate two different post-mitotic neurons. The phenomenon of asymmetric division in the Drosophila nerve cord has been extensively studied using a typical lineage, the NB4-2 ! GMC-1 ! RP2/sib lineage (Bhat, 1999; Bhat et al., 2011; Gaziova and Bhat, 2007) . NB4-2 is formed in row 4, column 2 around 4.5 h of development. It generates its first GMC, GMC-1 (also known as GMC4-2a, see Doe, 1992) around 6 h of development. This GMC-1 then divides asymmetrically into a motor neuron called RP2 and its sibling cell named sib, around 7.5 h of development.
Several players have been identified as required for asymmetric division of these precursor cells (reviewed in Gaziova and Bhat, 2007) . Of most importance are Inscuteable (Insc), 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.09.004 a cytoplasmic adaptor protein, Numb (Nb), and Notch (N). How do these proteins regulate asymmetric cell identity specification? Previous studies have shown that the N-signaling plays a crucial role not only in selecting a neural versus ectodermal fates during early neurogenesis, but also in the later asymmetric fate specification of daughter cells of GMCs Buescher et al., 1998; Gaziova and Bhat, 2007; Lu et al., 1999; Mehta and Bhat, 2001; Wai et al., 1999; Yedvobnick et al., 2004) . This later function of N-signaling has an interesting, antagonistic relationship to the function of cytoplasmic protein Numb. Numb localizes to the basal end of a GMC and during division, it segregates into one of its two daughter cells, where it inhibits the cleavage of N intra . This blocks the ability of Notch to specify a different fate (Buescher et al., 1998; Wai et al., 1999) . In the GMC-1-> RP2/sib lineage, for example, the loss of function for Notch causes both the daughter cells of the GMC-1 to adopt an RP2 fate (Buescher et al., 1998; Wai et al., 1999) . This indicates that Notch specifies a sib fate. In the absence of Numb, both cells adopt the sib fate, thus, Numb is necessary to specify an RP2 fate. In the absence of both Notch and Numb, however, the two daughter cells adopt the RP2 fate indicating that Numb is necessary to specify an RP2 fate only when there is an intact N-signaling; Numb, thus, blocks Notch-signaling from specifying a sib fate to a cell.
The Hem protein (or Kette/dhem2/Hem-2/Nap1/Nap125) belongs to a highly conserved family, from invertebrates to mammals (Baumgartner et al., 1995) . In humans, there two genes of the Hem family, Hem1 (NCKAP1L) and Hem2 (NCKAP1). Both Hem1 and Hem2 in humans generate two isoforms each. In Drosophila, however, there is only one Hem gene, which is homologous to the human Hem2. All the members of Hem family are predominantly expressed in the nervous system, whereas the Hem-1 gene in humans is predominantly expressed in the hematopoietic cells (Weiner et al., 2006) . On the other hand, in C. elegans, the Hem-2 protein, known as GEX-3 (and Hem in Drosophila) is expressed everywhere, and has an essential function in the migration of epithelial cells in embryos (Soto et al., 2002) . In Drosophila, Hem is maternally expressed during early embryogenesis but then becomes specifically expressed in the brain and the VNC. Hem has predicted six transmembrane domains (Baumgartner et al., 1995) , however, in Drosophila S2 cells, most of Hem/Kette is in the cytosol and only very little is present in the membrane (Bogdan and Klambt, 2003) . Therefore, it seems more likely that Hem/Kette is a cytosolic protein with some hydrophobic regions.
Hem is involved in many biological events such as apoptosis, myoblast fusion, formation and maturation of neuromuscular junction, axon pathfinding, neuronal differentiation and neuronal migration (Hummel et al., 2000; Nakao et al., 2008; Schenck et al., 2004; Schroter et al., 2004; Suzuki et al., 2000; Yokota et al., 2007; Zhu and Bhat, 2011) . These studies suggest that Hem dynamically regulates the polymerization of actin. Hem binds to the first Src homology 3 (SH3) domain of Nck/ Dock, which is an adaptor molecule containing one SH2 domain and three SH3 domains and links several receptor tyrosine kinases to the cytoskeleton (Li et al., 2001) . This indicates that Hem may also link extracellular signals to the cytoskeleton. On the other hand, Hem is also part of the WAVE-complex and appears to regulate the activity of this complex to promote polymerization of actin. Our recent results indicate that in vivo Hem protects WAVE from degradation (Zhu and Bhat, 2011 ; see also Kunda et al., 2003; Schenck et al., 2004) .
In this paper, we further characterize Hem mutant phenotypes and define at least two main phenotypic classes of mutant embryos from the same, well-studied antimorphic Hem mutant allele, Hem J4-48 (see Zhu and Bhat, 2011) . We have classified them as weak (most embryos belong to this class) and strong classes. We correlate these classes to the variable levels of maternal wild type Hem protein in the developing embryo. We further show that in the weak class such defects as axon guidance is also weak, and it is strong in the strong class. While the migration defect can be observed in both weak and strong classes, we found that the strong class exhibited a loss of asymmetric division of GMC-1 of the RP2/sib lineage. We further show that this loss of asymmetric division is due to an effect on Inscuteable localization, a cytoplasmic adaptor protein, as well as localization of Numb, an antagonizer of the Notch signaling. A non-localized Numb in GMC-1, due to its segregation into both daughter cells, instead of one cell as in wild type, blocks Notch signaling from specifying a sib fate. Thus, both cells adopt an RP2 fate. We further show that the loss of function for Abl also causes loss of asymmetric division. This appears to be also due to loss of asymmetric localization of Insc and Numb. These results show that the Hem plays a crucial role in generating asymmetry via regulating localization of these key proteins in the embryonic CNS.
Results

2.1.
The Hem J4-48 mutation generates two classes of mutant embryos
We have recently reported that loss of function for the Hem gene causes a mis-migration of RP2 neurons to the contralateral hemisegments resulting in a duplication of the RP2 neurons in one hemisegment and loss in the contralateral hemisegment (Zhu and Bhat, 2011) . This defect was observed in all Hem alleles, including in deficiencies that remove the gene. The penetrance was the highest in the Hem J4-48 allele. We also showed that this allele behaves as an antimorphic mutation (Zhu and Bhat, 2011) . During our analysis of the Hem mutant embryos, we stained embryos from the two mutant alleles, Hem J4-48 and Hem C3-20 , and a deficiency for Hem [Df (3L)ED230] with antibodies against BP102 and Fasciculin II (Fas II). BP102 is a monoclonal antibody that stains the ladder-like commissural structure in the embryonic nerve cord revealing the three major tracts: the anterior (AC) and the posterior (PC) commissures, and the longitudinal connectives (Fig. 1A) . The Fas II antibody stains longitudinal connectives and reveals three major tracts, the medial (M), intermediate (I) and lateral (L), on either side of the midline (Fig. 1H ). These stainings revealed that the Hem J4-48 allele (which expresses a truncated Hem protein, see Zhu and Bhat, 2011 ; also Fig. 3 ) produced mainly two categories of mutant embryos.
In the first category, mutant embryos were morphologically nearly normal and the BP102 staining showed very little defects in the commissural architecture (Fig. 1B) . However, Fas II staining revealed midline crossing of longitudinal connectives, although this phenotype was also relatively mild ( Fig. 1I ). In the second category, both the BP102 and the Fas II stainings revealed a much stronger phenotype with disrupted commissural tracts ( Fig. 1C ) and longitudinal connectives (Fig. 1J) , as was also previously reported (Bogdan and Klambt, 2003; Schenck et al., 2004) . (Fig. 1F, G, M and N) .
Given these results, we carefully determined the frequency of penetrance of these two types of phenotypes. We placed the Hem J4-48 mutant chromosome in trans to a balancer carrying the lacZ gene. We collected embryos from this line and double stained them with Fas II (or BP102; we also used Even-skippped as a third marker) and anti-LacZ antibodies. We examined the frequency of the two classes of mutants in both LacZ negative and LacZ positive embryos (to determine if this allele has any dominance/semi-dominance).
The results are shown in Table 1 , which indicates that among LacZ negative embryos (N = 53; presumably all are homozygous mutant embryos), 57% had a weak phenotype, 24% had a strong phenotype and interestingly, 18% had no obvious defects. Moreover, the strong phenotypic class (24%) can be further subdivided with very strong defects, with a frequency of about 4% (see also Zhu and Bhat, 2011) . The frequency of occurrence of weak phenotypic embryos is 2.3 times greater than the strong phenotypic embryos. We note that the ratio between LacZ positive and LacZ negative embryos is the expected 1:3, therefore, it is unlikely that some of these normal looking embryos are heterozygous or balancer only embryos that are not stained with anti-LacZ antibody. Among the LacZ positive embryos (N = 74; these are presumably the heterozygous embryos or homozygous for the balancer chromosome), interestingly, we found that 5%, 19% and 76% of the embryos showing the weak, strong and normal-looking embryos, respectively (Table 1 ). This suggests that there is a semidominance of the defects in this mutant allele. Either that some of the strong phenotypic embryos from these lacZ positive groups are embryos that are homozygous for the balancer, or that these are heterozygous embryos but the phenotype is caused by an interaction between the balancer and the mutant chromosome. It is unlikely that all are embryos that are homozygous for the balancer chromosome since we also observed the weak phenotypic class among these LacZ positive embryos. Given these results, we took another approach to eliminate any balancer-induced effects. We out-crossed the mutant chromosome to wild type and collected males and virgins from this cross that are mutant over wild type chromosome (with no balancers) and then crossed these mutant heterozygous flies to each other (mutant/+ · mutant/+). Embryos from this cross were collected and stained with Fas II, or BP102 or Eve (all separately). From this cross, we found a 20%, 4% and 76% embryos with weak, strong and normal looking embryos (N = 54; Table 1 ). This gives us a ratio close to the expected ratio (for a recessive mutation) of 1:3 of embryos (20 + 4 versus 76) that are mutant/mutant chromosome (and therefore with the mutant defect) versus mutant/balancer and balancer/balancer chromosomes. Note that these percentage calculations are for the total embryos as opposed to the previous calculations, which are for only the LacZ-negative embryos. These results therefore argue that there is a balancer-mediated enhancement of the penetrance of the Hem J4-48 defects in this mutant allele. This effect that we have previously named as balancer-induced maternal effect has been observed in other cases as well Gaziova and Bhat, 2009 ). Nonetheless, we do see the strong phenotypic class of embryos even when the balancer chromosome is eliminated from the parents. This suggests that these embryos are indeed Hem mediated mutant defects/embryos (see below). We next sought to confirm these above results that Hem J4-48 allele indeed generates two classes of mutants, specifically the strong phenotypic class of embryos. This was particularly important since several of the previous studies have characterized only this strong phenotypic embryo as Hem mutant embryo (Hummel et al., 2000) . We sought to sequence the Hem gene from single embryos belonging to both the categories. We collected single embryos from the balancer bearing Hem J4-48 parents and the sequencing of the Hem gene revealed that every single embryo with weak phenotype was homozygous for the Hem mutation, whereas only 25% of the strong phenotypic embryos were homozygous for the mutation, and the remaining 75% were all heterozygous for the mutation. These results suggest a dominant maternal effect of the Hem mutation enhanced by a balancer-mediated maternal effect (see also Bhat et al., 2007; Gaziova and Bhat, 2009 cases, the level of maternal Hem was quite low (lane 2) but in some other cases the level was higher. These results suggest that the stronger phenotype is likely due to these reduced levels of the maternal Hem protein. Consistent with this possibility, no such variability in the levels of the maternal Hem protein was observed among individual embryos from the deficiency (Fig. 2B ).
The stronger Hem mutant embryos show duplication of RP2 neurons
We stained Hem J4-48 mutant embryos with an antibody against Even-skipped (Eve) to determine if Hem affects the GMC-1-> RP2/sib lineage, one of the well-studied lineages in Drosophila (reviewed in Gaziova and Bhat, 2007) . The GMC-1-> RP2/sib lineage is generated by NB4-2, formed as an S2 NB around 4.5 h of development. It generates its first GMC (GMC-1) by a self-renewing asymmetric division at around 6-6.5 h of development. This GMC-1 divides to generate two asymmetrically sized daughters, the larger RP2 and the /+ were analyzed for the defects using BP102, Fas II and Eve staining. Note that the 24% strong phenotypic embryos can be again subdivided, with at least 4% showing very strong defect (see also Zhu and Bhat, 2011 smaller sib, at around 7.45 h of development. The RP2 begins to project its axon ipsilaterally towards the intersegmental nerve bundle (ISN) by about 9.5 h of development and innervates muscle numbers 2, 9 and 11. There are several wellestablished ways to distinguish a GMC-1, an RP2, and a sib (Bhat and Schedl, 1994; Doe, 1992) . Both nuclear division and cytokinesis of GMC-1 is asymmetric and thus, there is a size difference between a GMC-1 (7.5 lm), an RP2 (5 lm), and a sib (3 lm). Similarly, the nuclear size of a GMC-1 is 6.5 lm, an RP2 is 4 lm and a sib is 2.5 lm. There is also a level difference in marker gene expression between an RP2 and a sib as well as a difference in the temporal dynamics of expression of these markers; the future RP2 cell has a stronger expression of markers like Even-skipped (Eve) compared to a future sib. The cell that assumes a sib identity undergoes a size reduction and further down-regulation of expression of RP2-specific marker genes. By 14 h of development, expression of all those markers is completely lost from the sib and only the RP2 is seen (Fig. 3A) . While the weak phenotypic Hem J4-48 mutant embryos showed a loss of RP2 neurons from one hemisegment with a corresponding gain of RP2 in the contralateral hemisegment ( Fig. 3E) , we showed that this is due to mis-migration of an RP2 neuron from one hemisegment to the contralateral hemisegment (Zhu and Bhat, 2011) . However, in the strong phenotypic Hem J4-48 mutant embryos, in addition to this mismigration phenotype (in a maximum of 28% of the hemisegments), we also observed a duplication of RP2s without any loss from the contralateral hemisegment (Fig. 3B, and 3D ) in a maximum of 33% of the hemisegments among strong phenotypic embryos (Table 2 ). This phenotype was also seen in embryos that are transheterozygous for Hem J4-48 and Hem deficiency, Df(3L)ED230 ( Fig. 3C ; a maximum of 31% of hemisegments in affected embryos, see Table 2 ). Note that about 4% of the strong phenotypic Hem J4-48 embryos have the GMC-1 of the RP2/sib lineage that are either not dividing and not migrating, or its progeny not migrating and residing in the location of a GMC-1 (see Zhu and Bhat, 2011) . Moreover, the duplication without any loss was observed only in Hem J4-48 mutant embryos or embryos transheterozygous for Hem J4-48 and Hem-deficiency, but not in Hem-deficiency or other mutant alleles of Hem (Table 2) . This is consistent with the finding that strong phenotypic mutant embryos were observed only in the Hem J4-48 allele and this phenotype(s) is likely due to reduced levels of the maternal Hem.
As has been previously reported, the molecular lesion in the gene in Hem J4-48 is a stop codon at amino acid 490 (Hummel et al., 2000; Zhu and Bhat, 2011 ; see Fig. 3F ).
Whereas the molecular lesion in the other Hem allele, Hem C3-30 is a stop codon at amino acid 256 (Fig. 3F ). The molecular lesion in the Hem J4-48 allele is consistent with the possibility that it can produce a truncated protein that behaves as a dominant negative protein (the truncated Hem is not detectable in the Western blot since the antibody is raised against the portion beyond the truncation). Indeed, our previous results have shown that this allele behaves as an antimorphic mutation (Zhu and Bhat, 2011) . Previously, we had constructed a synthetic mutation that mimicked the Hem J4-48 mutation by generating a UASHem J4-48 transgenic line (Zhu and Bhat, 2011) . This line, when induced with a GAL4 driver is expected to produce the same protein as in Hem J4-48 allele. Indeed, it showed, although weakly the same RP2 mis-migration phenotype as the Hem J4-48 allele (Zhu and Bhat, 2011) . We examined if the induction of this antimorphic UAS-Hem transgene in embryos with a GAL4 driver (VP16-nos.UTR) in the background of Hem deficiency (to reduce the maternal load of wild type Hem protein) can also induce a symmetric division of GMC-1 into two RP2 neurons. As shown in Fig. 3G , we observed duplication of RP2s without any loss in the contralateral hemisegment, or presence of the RP2-sib cells, indicating that this transgene is able to induce a symmetric division of GMC-1 (RP2 duplication is not observed in embryos homozygous for the deficiency). However, the frequency of penetrance of the defect is weak (0.5%, N = 832 hemisegments), which is likely due to the presence of enough of the maternal wild type Hem protein for the asymmetric division of GMC-1 in most of the hemisegments. We could not generate germline mosaics for Hem mutations to confirm this possibility because of the location of the Hem gene on the chromosome, which is very close to the centromere. However, the expression of the truncated protein appears to down-regulate the levels of the wild type Hem protein (Zhu and Bhat, 2011) . We further examined the duplication phenotype to confirm that these duplicated cells are indeed RP2 neurons by staining mutant embryos with Eve and Zfh1. Zfh-1 is expressed at very low levels in a late GMC-1 just before its division, at high levels in an RP2 (Fig. 4A ) and occasionally and transiently in a newly formed sib (Gaziova and Bhat, 2009 embryos we observed Eve and Zfh1 positive RP2 neurons with no sibs (Fig. 4B ). This indicates that the RP2 duplication is indeed due to a symmetrical division of GMC-1 into two RP2s as opposed to scenarios such as symmetrical division of GMC-1 into two GMC-1s (which would generate two RP2s and two sibs). Additionally, the duplicated RP2 neurons in Hem J4-48 mutant embryos were expressing MAPIB/22C10 on the membrane and axon projections, with the axon projections properly fasciculating with the ISN (Fig. 4D ) as in wild type (Fig. 4C) . These results show that loss of function for Hem results in loss of asymmetric division of GMCs.
Loss of Hem function causes loss of asymmetric localization of Insc and Numb
In a dividing GMC-1, Insc is asymmetrically localized to the apical pole (Buescher et al., 1998) . We sought to determine if Insc localization in GMC-1 is normal in Hem J4-48 mutant embryos. We double stained embryos with Insc and Eve antibodies, Eve being the marker for GMC-1. In wild type, Insc is on the apical side of a GMC-1 (Fig. 5A) . In Hem J4-48 mutant embryos, we observed GMC-1s where the localization of Insc is non-asymmetric (Fig. 5B ). This phenotype was observed in a maximum of 15% of the hemisegments (N, the number of hemisegments counted, 55). This lower maximum penetrance of the Insc localization defect compared to the maximum penetrance of the terminal duplication defect is likely due to the fact that Insc defect can be observed only in a narrow window of time and that not all GMC-1s are formed at the same exact time, nor their division occurs at the same exact time, but with a window of almost 30 min. This gives a reduced penetrance count compared to the penetrance count for the terminal defect. We also point out that this non-asymmetric localization also makes it appear as if the level of Insc is lower in the mutant GMC-1. Fig. 5C and D) . Unlike in wild type where Numb is localized to the basal end (Fig. 5C ), in Hem J4-48 mutants, Numb is not localized, but is uniformly distributed along the entire cortex of GMC-1 (Fig. 5D ). The level of Numb appears to be lower in the GMC-1 of the mutant, but this is likely due to the fact that Numb is no longer concentrated in an area but uniformly distributed along the cortex of the entire cell (note that this is also the case with Insc, see Fig. 5B ). We observed a maximum of 17% of the hemisegments (N = 55) showing this defect. When such GMC-1s divide, both cells inherit Numb. Since Numb will block Notchsignaling from specifying a sib fate, the daughter cells of those GMCs in which the distribution of Numb is non-asymmetric will inherit Numb and are expected to adopt an RP2 fate. This would account for the duplicated RP2 neurons in Hem J4-48 mutants.
Role of WAVE/SCAR and Abelson tyrosine kinase in the Hem-mediated asymmetric division of GMC
Hem is part of the WAVE-complex. WAVE-complex, which activates the Arp2/3 complex to promote actin polymerization, has the following proteins: WAVE, Hem, Abi, Hspc300, Sra-1. In addition to the WAVE-complex, WASp is also part of the Hem-mediated process. WASp is located both in the membrane and in the cytoplasm and Hem is thought to activate WASp in the membrane (Bogdan and Klambt, 2003) . While WASp appears to be not involved in the migration of neurons (Zhu and Bhat, 2011) , WASp has been previously shown to be involved in the asymmetric division of GMC-1 of the RP2/sib lineage (Ben-Yaacov et al., 2001 ). However, it was suggested that the asymmetric division mediated by WASp is via Notch-signaling. Loss of function for Notch also causes symmetric division of GMC-1 into two RP2s (see for example, Wai et al., 1999) and this is due to the failure to specify a sib fate to one of the progeny of GMC-1. The WASp scenario appears to be different from that of our findings with Hem, in that Hem appears to mediate asymmetric division via regulating the asymmetric localization of Inscuteable/ Numb proteins. Since the issue of WASp in asymmetric division was not thoroughly examined in the previous work, it is possible that WASp is indeed part of the same Hem-mediated process in generating asymmetry, instead of working through Notch.
Therefore, first we examined the loss of function effects of WAVE on GMC-1 division. However, we did not observe any RP2 duplication due to symmetric division of GMC-1 in the zygotic mutants of WAVE, which could be due to the maternal deposition of WAVE (Zallen et al., 2002; Zhu and Bhat, 2011) . Therefore, mosaic embryos for WAVE were generated and examined for the RP2 division defects. A weaker WAVE allele, SCARk13811, was used since stronger alleles fail to yield any mosaic embryos (Zallen et al., 2002) . In these mosaic embryos we found the same phenotype of symmetric division of GMC-1 into two RP2 neurons (Fig. 6A) . However, this frequency was very low (Table 2 ). This could be because there is still some WAVE gene product(s) left since we had to use a hypomorph due to practical difficulty in generating mosaic embryos. This is presumably due to a germline requirement of WAVE. Alternatively, WAVE does not play any significant role in asymmetric division.
Abi is part of the WAVE-complex (Eden et al., 2002 ) and in vitro cell culture studies suggests Abi recruits Abl to the WAVE-complex, where Abl mediates WAVE-activation (Leng et al., 2005) . When we examined Abi mutant embryos, no RP2 division defect was observed. The absence of division defect in Abi could be due to its maternal deposition. On the other hand, we found that Abl mutants have the same RP2 division defect as Hem (Fig. 6B) with 9% of the hemisegments showing the defect (see Table 2 ). This partial penetrance is likely due to the perdurance of the maternal Abl gene products. Therefore, we generated Abl mosaic embryos with both maternal and zygotic Abl products lacking. In these embryos also, we found GMC-1 symmetrically dividing to give rise to two RP2 neurons (Table 2 ). However the frequency was the same as Abl 2 zygotic mutant. Since we had to use a weaker allele in this case also for generating the mosaic, there will be still some functional Abl protein in developing embryos and we think this may be the reason for the low penetrance of the defect in these mosaic embryos as well. We next examined if the localization of Insc and Numb is affected in Abl mutant embryos. Indeed, as shown in Fig. 6 , the localization of both Insc and Numb were affected in Abl mutant embryos:localization of both Insc and Numb were non-asymmetric in these embryos ( Fig. 6D and F) as in Hem mutants.
Discussion
In this paper, we have shown that a well-studied mutation in the Hem gene, Hem J4-4 , generates two main phenotypic classes of mutant embryos:weak and strong. While the strong phenotypic embryos have been characterized in terms of axon guidance defects (Bogdan and Klambt, 2003; Hummel et al., 2000; Schenck et al., 2004) , the weaker class of mutant embryos has not received much attention although this class forms the majority of embryos in one specific allele and the only type of embryos in Hem zygotic null embryos. That is, in zygotic null alleles of Hem, or in Hem deficiency embryos, only the weaker class of embryos are seen. Our work described in this paper shows that the two classes of mutant embryos in the Hem J4-48 allele are generated mainly due to individual variability in the amount of Hem protein present in embryos. In contrast, embryos from null alleles or deficiencies that eliminate Hem have a higher, non-variable levels of the Hem protein compared to the Hem J4-48 allele, which is consistent with the single, weaker class of phenotypic embryos from these alleles. We have recently shown that mutations in Hem (as well as in other players of the WAVEcomplex: WAVE and Abl) causes an abnormal migration of a well-studied neuron, the RP2 neuron, from one hemisegment to the contralateral hemisegment (Zhu and Bhat, 2011) . In this paper, we show that the GMC-1 of the RP2/sib lineage in the stronger class of mutant embryos divide symmetrically into two RP2 neurons.
3.1.
Variability in the levels of maternal Hem is responsible for generating different phenotypic classes of mutant embryos in Hem J4-48 allele
Given the importance of the Hem activity to a diverse array of cellular processes, in this work we have attempted to characterize the Hem mutant alleles in terms of CNS defects. Indeed, there was this possibility that the severe axon guidance defects described for Hem using one of the alleles of Hem, Hem J4-48 may be a background effect unrelated to
Hem. While this phenotype is a minority phenotype in this allele, our characterization of this allele in detail shows that these severe axon guidance defects (Fig. 1) are indeed due to loss of function for Hem. Our results show that the presence of different phenotypic classes of embryos in this allele is due to a variable, embryo-to-embryo, effect on the levels of maternally deposited wild type Hem gene product(s). The Hem J4-48 allele appears to be an antimorphic allele (see Zhu and Bhat, 2011) and given this property of the allele, it is not surprising that it produced embryos that are stronger than from alleles that are null. This allele also produces embryos that have morphologically variable defects. However, we have broadly categorised these embryos into two classes: the weaker class of embryos and the stronger class. At the least, our work shows that the variability is likely due to the variability in the levels of maternal Hem protein (Fig. 2) . Our previous results suggest that the truncated Hem protein in Hem J4-48 allele is somehow downregulating the levels of wild type maternal Hem (Zhu and Bhat, 2011) . The results shown in Fig. 2 is consistent with this possibility and that the variability inherent to this downregulation/degradation process is resulting in embryos with variable levels of maternal Hem. This is also consistent with the semidominance of this allele. These results are also important because, most of the previous work has dealt with the strong phenotypic class of mutant embryos using the Hem J4-48 allele, which are minority mutant embryos. But our detailed examination of this mutant allele reveals that these embryos are indeed Hem mutant embryos and the strong mutant defects such as axon guidance defects are not because of a background effect but the strongest loss of function effects of Hem. While the weaker class appears to be uniform in their phenotypic presentation, the stronger class embryos are variable, which is again likely due to the variable levels of maternal Hem in these embryos. 
Regulation of asymmetric division by Hem
This work shows that the asymmetric division defect observed in Hem mutants is restricted only to the strong phenotypic class of embryos of Hem J4-48 allele, but not observed in the weak class of embryos. The weak class of embryos show only the mis-migration defect as we have recently reported (Zhu and Bhat, 2011) . However, embryos that show the asymmetric division defect also show an enhanced mis-migration defect. That is, the maximum frequency of penetrance of the mis-migration defect in weak phenotypic class was 20%, whereas in strong phenotypic class, the maximum penetrance was 45% (see Zhu and Bhat, 2011) . It is possible that the two processes, migration and asymmetric division, have different sensitivity to the levels of Hem. Furthermore, the Hem requirement for migration extends a much longer developmental period than the asymmetric division, which occurs within a narrow window of time.
Hem is necessary for axon pathfinding during development of the nervous system. Axon pathfinding defects were observed in Hem mutants (Hummel et al., 2000) . It is also required for the formation and maturation of neuromuscular In a late GMC-1 of a wild type CNS, Insc apically localized, whereas Numb is basally localized. When this GMC-1 divides, Numb segregates into one of the two daughter cells where it prevents Notch signaling from specifying a sib fate to this cell. As a consequence, this cell adopts an RP2 identity. The other daughter cell that does not inherit Numb is specified as a sib by the Notch-signaling. Panels B and C: In both Hem J4-48 and
Abl mutant embryos, a GMC-1 has non-asymmetric Insc and a non-asymmetric Numb. Hence, both daughter cells inherit Numb and therefore the Notch signaling is blocked in both cells. These daughters then adopt an RP2 fate.
junction (NMJ) in that certain hypomorphic Hem allele combinations show smaller neuromuscular junctions Schenck et al., 2004) . Moreover, mutations in Hem led to enlarged foci that did not dissolve, similar to the observed block in myoblast fusion, which is crucial for the formation and repair of skeletal muscle (Richardson et al., 2007; Schä fer et al., 2007; Schroter et al., 2004) . More recently, we showed that Hem regulates migration of GMC-1-> RP2/sib cells (Zhu and Bhat, 2011 ; see also Bhat et al., 2007) . All these processes in which Hem plays a role requires cytoskeletal reorganization, and therefore that Hem is required for the asymmetric division of neural precursor GMC-1 is perhaps not surprising. This asymmetric division of GMC-1 into RP2 and sib is a very well studied process and a number of players in this process have been identified (see Bhat and Schedl, 1994; Bhat et al., 1995; Buescher et al., 1998; Wai et al., 1999; Bhat et al., 2011; reviewed in Gaziova and Bhat, 2007) . Briefly, an apically localized Insc causes a basal localization of Numb (see Fig. 7 ). This basal Numb gets segregated to one of the two daughter cells of GMC-1 during division. This Numb then blocks Notch signaling from specifying the sib identity, as a result, this cell adopts an RP2 fate (Fig. 7) ; whereas the other Numb-negative daughter is specified as sib by the Notch signaling (Fig. 7) . The partial penetrance of the asymmetric division defect in Hem (or WAVE or Abl), however, is likely due to the maternal deposition of the protein and not because the pathway itself is partially redundant. An effective way to demonstrate this, however, is not possible since we cannot generate mosaic embryos that lack all of the Hem gene products given the germline requirement and technical difficulty. WASp is believed to be activated by Hem (Bogdan and Klambt, 2003 ) and it appears that WASp is required for the asymmetric division of GMC-1. This is based on the finding that in the WASp mutant, both daughter cells become RP2 (as in Hem mutants). However, it has been thought that Wasp mediates asymmetric division via Notch (Ben-Yaacov et al., 2001) and in the WASp mutant, Notch signaling is prevented from specifying a sib fate to one of the two cells. On the other hand, this issue has not been fully examined and the connection between WASp and Notch is based on the finding that in both mutants the GMC-1 produces two RP2s (Ben-Yaacov et al., 2001) . However, there is a caveat with this conclusion. When a GMC-1 divides into an RP2 and a sib, the cytokinesis of this division is also asymmetric. That is, one of the two cells is smaller than the other. The smaller cell eventually adopts a sib identity. In Notch mutants, the two RP2 neurons produced from a GMC-1 are often unequal (though not always) but the smaller cell still adopts an RP2 fate (see Wai et al., 1999) . This means that while the asymmetric fate specification is altered in Notch mutants, the asymmetric cytokinesis is not always affected. The published data on the loss of asymmetric division in WASp mutants shows that the duplicated RP2s are all of the same size (Ben-Yaacov et al., 2001) as is the case with the Hem mutant, and this argues against WASp acting through Notch. Therefore, the function of Wasp is likely distinct from that of Notch. If WASp indeed works through Notch, then Hem and Abl appears to be required at an earlier stage, namely, for the asymmetric localization of Insc and Numb (see Fig. 7 ). We think that Hem, in collaboration with Abl, via regulating cytoskeletal organization, mediates proper asymmetric localization of Insc and Numb. In embryos mutant for these genes, a nonasymmetric localization of these proteins occurs and as a result GMC-1 division becomes symmetric.
What is the role of WAVE in this process? The answer is not very clear. Zygotic loss of function for WAVE does not show any symmetric division defects. When we examined WAVE mosaic embryos for this defect, rarely we observed the defect. The caveat here, however, is that these mosaic embryos are not null for WAVE: because of germline requirement for WAVE, we had to use a hypomorph to generate these mosaic embryos. Since we do see a low penetrance of the symmetric division defect in these embryos, it is more likely that WAVE is also required for the asymmetric localization of Insc and Numb, and asymmetric division of GMC-1.
4.
Experimental procedures
Fly strains, genetics
All the flies and crosses were kept/done at 22°C unless otherwise indicated. The following strains were used: Hem J4-48 , Hem C3-20 , Df(3L)ED230, insc Gaziova and Bhat, 2009) , homozygous mutant embryos were also tested by out-crossing the balancer-bearing mutants to wild type and back-crossing the non-balancer bearing mutant adults. Staging of embryos was as described by Wieschaus and Nusslein-Volhard (1986) .
Generating mosaic animals
Germline clones for WAVE were generated as described by Zallen et al. (2002) , by heat shocking hsFLP; SCAR13811FRT40A/ ovoD FRT40A early stage larvae at 37°C for 1-h and another heat shock 24-h later. Adult germline clones carrying females were crossed to SCAR D37 males and embryos (WAVE ) were collected for analysis.
4.3.
Generating transgenic animals
We have described this step recently (Zhu and Bhat, 2011) . Briefly, To determine the antimorphic effects of the truncated Hem protein in Hem J4-48 allele (DHem J4-48 ), the Hem truncated gene corresponding to the coding fragment of the first 489 amino acids of Hem was generated by PCR. The following primers that carried specific restriction sites and a stop codon were used: 5 0 -ATAAGAATGCGGCCGCTAAACT-ATT GCACGCCTCCCAATACG-3 0 and 5 0 -GCTCTAGATTAGTCCAGGC GGAATGGTC-3 0 . The PCR product was digested with NotI and XbaI and subcloned into NotI/XbaI digested pUAST and the cloned truncated Hem gene was sequenced. Several independent transgenic lines were generated and used for analysis.
Immunohistochemistry
Standard immunostaining procedures were used with some modifications; modifications to the general fixation conditions and staining can be obtained by request. Embryos were fixed and stained with the following antibodies: Eve (rabbit, 1:2000 dilution), Eve (mouse, 1:5), Zfh1 (mouse, 1:400), 22C10 (mouse, 1:4), LacZ (rabbit, 1:3000 or mouse, 1:400), BP102 (mouse 1:10) FasII (mouse; 1:5). For confocal microscopy of embryos, cy5 and FITC-conjugated secondary antibodies were used. For light microscopy, alkaline phosphatase or DAB-conjugated secondary antibodies were used.
4.5.
Sequencing of the mutant alleles and confirmation of the mutant homozygous identity by single embryo PCR Mutant embryos were individually selected using the GFPbalancer as well as by using the visible mutant phenotype (which the Hem mutant embryos exhibit) under microscope. They were individually placed in 1.5 mL eppendorf tubes with 10 lL Lysis buffer (10 mM Tris pH = 8.0, 1 mM EDTA, 25 mM NaCl, 200 lg/ml Proteinase K) and homogenized with autoclaved pestle. After incubation at 37°C for 30 min, they were boiled for 5 min in a water bath (to deactivate Proteinase K). Lysates were used immediately for PCR.
Western-blotting experiments
For each genotype examined, twenty embryos were picked under GFP microscope and homogenized in 40 lL of Lysis buffer (0.15 M NaCl, 0.02 M Tris pH 7.5, 0.001 M EDTA, 0.001 M MgCl 2 , 1% Triton-X-100, PIC). After centrifugation, the supernatant (37.5 lL) was collected and 12.5 lL of 4X Laemmli sample buffer was added. Out of this 50 lL, 10 lL was subjected for SDS-PAGE and Western analysis. Primary antibodies used were against: WAVE (guinea pig 1:1500), Hem (rabbit 1:1000), and Tubulin (Abcam, rabbit, 1:2000) . X-ray films from various Western blotting analyses were scanned and the densities of the signals were determined by using AlphaEaseFC (AlphaInnotech, V6.0). Anti-Tubulin was used as loading control and intensity of the band were normalized against Tubulin signal. Several independent experiments were done and the intensity values followed the same trends with narrow variations in all the experiments.
